Anthropogenic global changes threaten species and the ecosystem services upon which society depends. Effective solutions to this multifaceted crisis need scientific responses spanning disciplines and spatial scales. Macroecology develops broad-scale predictions of species' distributions and abundances, complementing the frequently local focus of global change biology. Macroecological discoveries rely particularly on correlative methods but have still proven effective in predicting global change impacts on species. However, global changes create pseudo-experimental opportunities to build stronger, mechanistic theories in macroecology that successfully predict multiple phenomena across spatial scales. Such macroecological perspectives will help address the biotic consequences of global change.
B
y changing global climate, expanding and intensifying land uses, polluting, introducing exotic species, and overharvesting biological resources (1) , human activities have accelerated extinction rates massively (2) . The biotic consequences of these factors, collectively the study of global change biology, are apparent in progressive degradation of ecosystem services upon which humans rely (3), climate change-induced shifts in species' distributions toward the poles (4) and higher elevations (5) , and in rapidly changing phenologies (6) . The policy responses necessary to overcome such enormous challenges must draw on many scientific disciplines and apply to the full range of spatial scales over which global changes exert their effects.
Even though many of these effects will occur over broad spatial scales [e.g., (7) ], most global change biology studies concentrate on smaller, often experimental, areas (Fig. 1) . The local processes discovered by such studies are essential to predict how global changes might proceed and can scale up in surprising ways to illuminate broader-scale trends. For example, experimental warming of alpine meadows caused unexpected changes in species composition toward woody shrubs that led to substantial release of stored soil carbon (8) . This biological feed-forward mechanism has global implications because, if it is representative of other areas, it implies the existence of a tipping point beyond which climate change could accelerate rapidly. The controlled, experimental approach frequently used in global change research also makes for strong inference: It is virtually certain that the treatment (in this case, warming) caused the effect (biotic community transition leading to soil carbon release). In many global change studies, however, strong inference within highly controlled experimental settings is purchased at the cost of clear broad-scale applicability. For instance, biotic interactions among three fruit fly species and their parasitoid predator determined their distributions and abundances within an experimental microcosm (9) . Widespread though such interactions may be, little evidence yet suggests they are similarly dominant at the regional extents over which predictions for species range shifts are most widely needed (10) .
Macroecology is a recent research program that aims to develop quantitative predictions of the abundance and distribution of species, usually over broad areas (landscapes to continents) (Fig. 1) or for large numbers of species. These research aims are ideal to address key global change issues at immediately relevant spatial scales (11) . There is no shortage of problems needing solutions. The impacts of broad-scale climate and land-use change on geographical patterns of species richness can be predicted with macroecological methods, potentially helping direct conservation resources to regions where need is greatest. Similarly, studies of patterns and impacts of biological invasions across islands suggest strategies that could reduce future losses. Such macroecological patterns are supported by increasingly mechanistic hypotheses with clear global change applications. Here, we review a range of macroecological concepts of particular and immediate relevance to global change research, as well as obstacles hindering their more widespread use. Broad-scale research methods have already proven valuable for global change research, but new developments in macroecology greatly enhance its potential contribution.
Potential and Problems for Macroecology in Global Change Research
Brown's seminal book in macroecology begins with an example-the effect of climate change on species living on mountaintops-that clearly demonstrates the discipline's relevance to global change (12) . As with most macroecological studies, this one used observational data within a correlative framework, a common approach when focusing on regional phenomena at their native spatial scales. Macroecological approaches to critical global change phenomena have since proliferated considerably. For instance, predatory mammal species have been introduced widely on oceanic islands. The number of recent extinctions among island birds, particularly endemics, depends strongly on numbers of exotic predatory mammals that have been introduced to those islands. Preventing further introductions of exotic predators is a critical part of conservation strategies for islands (13) . This study's reliance on correlative models weakens its grip on cause and effect slightly: Habitat losses might have contributed to the observed effects (14, 15) . However, it is difficult to think of a smallscale, experimental approach that would have been as broadly applicable and, as a result, immediately useful. Similarly, effects of land-use change on species conservation have also been ascertained with spatial correlations of broadscale data sets. Endemic and threatened species are heavily concentrated in tropical mountain ranges in sub-Saharan Africa, coincident with high human population densities. Combined with the observation that the bushmeat trade contributes strongly to mammal decline, this corre- lation suggests a course for conservation that accommodates the agricultural land uses of local peoples while improving regional protected area networks (16). Macroecology's signature statistical approach has also provided the foundation for some of ecology's strongest theories. Island biogeography is perhaps the most widely influential ecological theory, and it is built on observations that species numbers on islands increase with island area but decrease with isolation ( Fig. 2A) (17) . This theory has also proven extraordinarily valuable for global change research. As climate warms, woodlands in the mountainous southwestern United States will shift to higher elevations. The ensuing reduction in their area is expected to eliminate 9 to 62% of small-mammal species currently inhabiting these habitats (12) . The relationship between habitat area and species richness has been further refined to reflect the reality that species in human-altered landscapes use natural and modified habitats to varying degrees. This countryside species-area relationship predicts the conservation status of terrestrial mammals in Central America and also yields more optimistic (and accurate) assessments of extinction rates (18) .
REVIEW
Despite their frequent reliance on correlation, macroecological relationships are built on solid biological foundations. For instance, the specific thermal tolerances of bird species differ considerably-the golden-crowned kinglet (Regulus satrapa) is absent from parts of North America where winter temperatures consistently drop below about −18°C, while prairie warblers (Dendroica discolor) inhabit only warmer areas above 7°C (19) . By considering large species assemblages simultaneously, strong macroecological relationships can emerge from speciesspecific patterns (20) that help predict biotic responses to global change. For instance, climate predicts global patterns of bird species richness (21) . Within Europe, the spatial relationship between bird community composition and climate successfully predicts the trajectory of those communities as climate has changed (22) . Although derived from a purely spatial analysis, this macroecological relationship also explains how climate change has altered bird community composition through time.
Converting macroecological discoveries into predictions about global change biology is often difficult and always risky. Obtaining suitable data is frequently a formidable challenge. Beyond this, however, several additional problems must be overcome. First, macroecological studies often depend on post hoc curve-fitting, capable of producing very strong statistical relationships (23) . Unfortunately, competing, mechanistically dissimilar hypotheses can each predict the same pattern, and macroecologists rarely have recourse to experimentation to ascertain cause and effect (12) . Instead, differences in support among hypotheses are taken to mean differences in their likelihood of being true, a conclusion that sophisticated statistical arguments can strengthen but not prove. The latitudinal gradient of diversity is a classic example: Latitude predicts global species diversity quite well for most taxa (24) . It relates to diversity, however, exclusively because it is a surrogate for collinear environmental variables, like temperature. Second, predicting the biological impacts of global change involves extrapolation, sometimes beyond any combination of environmental conditions that have been recorded. There are currently no modern analogs for some vegetation assemblages that existed in the late glacial period in eastern North America, which likely arose from combinations of climate variables that also lack contemporary analogs (25) . Strong theoretical and empirical evidence for a specific prediction can reduce, not eliminate, such extrapolative uncertainties. Finally, unique or stochastic phenomena create irreducible noise in macroecological relationships, as the flora and fauna of the Krakatau islands testify (26) . It should be noted that such rare events provide opportunities for pseudo-experimental tests of new and existing hypotheses, as shown by subsequent studies of colonization and succession on Krakatau.
Strengthening Macroecological Contributions to Global Change Biology
If macroecological research is to make effective, reliable contributions to global change biology, it must improve its capacity to demonstrate cause and effect. Experimental tests of hypotheses-the usual scientific method to distinguish cause from correlation-are normally impractical, unethical, or both at broad spatial scales (12) . Instead, frontier macroecological studies begin by testing for links between some biological phenomenon (B) and environmental predictors (E) using statistical tools. Such relationships are usually based on observations of some spatial pattern. However, if E truly causes B, then those spatial relationships should be consistent as conditions change, the essence of experimentation (27) .
In other words, spatial relationships should be consistent temporally if they are true. Spatial variation in bird species richness in North America relates strongly to gradients of primary productivity. However, seasonal variation in bird species richness also tracks the annual cycle of primary production: Birds track resource availability over the course of the year (28) . In this case, natural environmental changes lead to the same biological response observed from a purely spatial relationship. It is ironic that global change also provides pseudo-experimental opportunities to test macroecological relationships. Biologyenvironment relationships for native species, for instance, can be compared to those for exotic species to generate an independent test of the consistency of macroecological relationships (29) .
Research based on historical data, with its temporal perspective on natural and anthropogenic change, is invaluable when predicting biotic outcomes of global change (30). Climate (17) proposes that the statistical effects of area and isolation result from two underlying processes: the rate of colonization by new species and the rate of extinction of established species. These two rates depend upon the number of species on the island, island area, and island isolation. (B) A combination of area, isolation, and climate predicts bird species richness in defined areas on continents and on oceanic islands anywhere in the world (35) . (C) The mechanism underlying climatic effects on species richness is more controversial. Stochastic niche theory (40) provides a possibility: the relative abundances of species, and therefore their persistence in an assemblage in a defined area, may vary as a function of the number of standard deviations separating the actual environmental condition within a habitat from the species' climatic optimum. The greater this separation, the less abundant the species is predicted to be. These data are derived from simulations in which habitat temperature and species' optimum temperatures have Gaussian distributions. partly determines where species-range boundaries occur (31), so climate change causes boundaries to shift, a fact with well-known paleoecological precedents. But past range shifts, such as those following glacial retreat, occurred across landscapes with little or no human influence. By contrast, human activities now affect most terrestrial areas (32) , which are likely to inhibit the capacity of species to keep up with shifting climatic conditions. In Canada, climate and landuse changes during the 20th century were considerable in many areas. Butterfly species richness tracked changing growing-season temperatures over this time period, as predicted from the purely spatial relationship between temperature and richness (33) . That this spatial relationship remains consistent through time improves confidence that temperature actually does partially cause the pattern of butterfly richness and is another example where global change offers macroecologists a pseudo-experiment. Human population density is also a positive spatial predictor of butterfly richness, a result also observed among British birds (34) . However, in areas of Canada where human population density increased over the 20th century, butterfly richness declined (33) . No model will necessarily hold under new or unforeseen environmental circumstances.
One can assess the robustness of macroecological relationships by testing them under independent conditions. This can most easily be done through space: Do relationships developed in one part of the world accurately predict patterns in geographically independent areas? For example, the spatial relationship between bird species richness and a combination of climate, area, and isolation of islands predicts richness among continental localities and vice versa (35) (Fig. 2B) . Similarly, plant family richness in any given biome or phytogeographic province of the world can be predicted from the richnessclimate relationship derived based on the rest of the world (36) . Collectively, such tests demonstrate the robustness of the underlying species richness-energy hypothesis addressed by these studies and the increasingly important role occupied by training and testing data in macroecology.
Process-based models of natural systems provide more detailed, mechanistic predictions. A classic example again is MacArthur and Wilson's theory of island biogeography (Fig. 2A) . This mechanistic theory builds on simple, macroecological observations to include processes of immigration by new species and extinction of species already present to generate a dynamic equilibrium of species richness on islands. This simple hypothesis explains the initial macroecological observation (i.e., richness-area), but also successfully predicts a suite of new phenomena: compositional turnover at equilibrium, effects of factors that enhance immigration (corridors or "stepping stones"), faunal collapse, and so forth. Adding climatic effects to this model greatly expands its reach, enabling it to predict diversity on mainlands and islands alike (35) . Such models are particularly powerful because they predict several different phenomena, not just the first pattern of interest. Their greater mechanistic detail suggests many tests (alleviating criticisms that macroecological hypotheses are merely the result of post hoc curve-fitting) (23) and they potentially predict the behavior of systems under a wider range of conditions.
More recent theories expand the number of natural biological patterns that can be reduced to a small number of basic, underlying processes. For example, the metabolic theory of ecology begins by noting that many aspects of organisms' biology, like population abundance (37) and evolutionary rates (38) , depend upon individual body size and ambient temperature. Similarly, neutral theory proposes that stochastic dispersal and speciation-extinction events can predict the relative abundances of species, which are treated as being functionally indistinguishable, within biotic communities (39) . Stochastic niche theory (40) combines characteristics of neutral theory with environmentally dependent resource competition to further improve predictions of relative abundances of species. This approach recognizes niche-based differences among species, such as the optimal, within-habitat temperatures for the growth of their propagules (Fig.  2C) . Where temperature is a major determinant of species' niche boundaries, for instance, stochastic niche theory may help predict the consequences of climate change. The theory is strengthened further by its potential to predict independent phenomena, like the unexpected pattern of increased invasion success in biologically diverse communities (41) .
Yet, in process-based models, there is an inescapable tension between capturing mechanistic detail and retaining the capacity to predict natural variation (42, 43) . The most practical models for predicting natural patterns will not require large numbers of parameters, especially if they are difficult to measure. Instead, such models will inevitably make inexact assumptions to simplify systems that might otherwise be unmanageably complex (44, 45) . Decisions about which approach to take depend largely on whether the predictive capacity of complex models justifies the effort necessary to parameterize them. If including species-by-species environmental tolerances and competitiveness for particular limiting resources improves or expands predictions of macroecological and global change trends (40) (Fig. 2C) , adding complexity would have practical benefits. A related macroecological example illustrates this point. Climate is generally acknowledged as the best overall predictor of species richness, but new analyses based on South American birds suggest that climate predicts species richness only for broadly distributed species (46) . Patterns of richness among species with smaller ranges relate more strongly to historical processes or habitat heterogeneity (47) . In this case, subdividing species by the extent of their geographic ranges adds detail necessary to establish useful global change predictions from macroecological observations. Fig. 3 . Biological observations, if available, often include only a species name and a location where it was observed. Observation points across Canada for Vanessa atalanta (red admiral) are shown in red, derived from the Canadian National Collection (59) . These are overlaid on a niche model (yellow) of its range derived with Maximum Entropy (60) . Environmental data, such as the satellite-based land-use map (61) beneath the niche model, are capable of far greater spatial consistency than biological data, although they almost never achieve equally high local detail. Remote sensing is particularly useful for detecting rapid changes, as shown here, where recent forest fires beyond the northern frontiers of this butterfly species' range are in dark red. As Einstein famously noted, models should be as simple as possible, but no simpler.
Detecting Macroecological and Global Change Signals
Before even the most elegant macroecological hypothesis can be applied to global change, reliable data must be found. On the environmental side, satellite and aerial remote sensing now provide spatially continuous measurements of an array of environmental characteristics over large areas, allowing near real-time detection of human-induced and natural changes (48, 49) (Fig. 3) . Biological data are far more localized (e.g., plant censuses in 0.1-ha plots; amphibians or birds heard or seen at a particular site). Environmental measurements with correspondingly high local detail are, at best, on the edge of what remote sensing can accomplish, although that edge is advancing (50) .
The well-known mismatch between sparse biological observations and spatially continuous remote-sensing data (Fig. 3) hinders the development of biological theory that scales successfully from localities to regions and continents (48, 51) . Biological databases require "boots on the ground" and cannot keep up with frequent, even daily, updates provided by remote-sensing sources. Many biological data are stored inaccessibly in museums or by individual researchers. The Global Biodiversity Information Facility (www.gbif.org) and related initiatives, like the nascent Global Earth Observation System of Systems for Biodiversity, will improve this situation considerably and lower one of the simplest barriers to building effective responses to global change: knowing what species are present in an affected area. These ongoing monitoring activities are essential to detecting and modeling biotic responses to global change and can be effective without comprehensive data (52) .
Species niche models can help reduce the mismatch between sparse biological observations and spatially continuous environmental data (53) . These models use detailed environmental data to describe, in spatial terms, species' niche boundaries, transforming a small number of presence-only observations (although some data sets include presence and absence data) across a region into a spatially continuous prediction of its entire range (54, 55) (Fig. 3) . The results yielded by these models can be surprisingly powerful. In Madagascar, satellite data were used to develop range models for chameleon species (56) . These models consistently predicted the presence of chameleon species in unsurveyed areas beyond the chameleons' known ranges. Several sister species to those being modeled were then discovered in these areas. Despite their great promise, niche models must be used with caution. Different modeling techniques predict vastly divergent climate-change impacts on the ranges of four South African Proteaceae species, from a range expansion of >300% to a loss of >90% (57) . Integrating predictions from several modeling methods-ensemble forecasting-may reduce such wild uncertainties (58) . However, projecting niche models through time requires a space-for-time substitution that is demonstrably unreliable (33) . Niche models will continue to play a role in macroecological and global change research but cannot replace biological monitoring programs that collect primary data.
Conclusions
Although macroecology still needs correlative approaches to explore its rapidly expanding frontiers, stronger methods reveal mechanisms more readily and reduce confounding effects intrinsic to broad-scale, nonexperimental research. These methods include a critical and expanding role for remote sensing and perhaps niche modeling in the measurement of relevant biological and environmental characteristics. More important, however, global change furnishes macroecology with pseudo-experimental opportunities that improve macroecology's predictions and global change relevance. Warming climates in the 20th century, for instance, allow for temporal tests of the species richness-energy hypothesis, which might improve quantitative predictions of how spatial patterns of diversity will change in the coming decades.
Models that specify mechanisms or that predict many phenomena at once, like stochastic niche theory or metabolic theory, play an increasing role in theoretical macroecology. The versatility of these models staves off criticisms that macroecology cannot reach past its historically correlative framework to grapple effectively with causation. As the reliability of these models is tested and improved, especially by ensuring that they are consistent temporally as well as spatially, their potential to provide specific solutions to global change problems will also increase. Concern about global change is justifiably intense because of its expanding biological consequences and effects on the sustainability of the human enterprise. Macroecology is built on strong biological foundations and offers important, broad-scale theories that will help address these urgent global change issues.
